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Recently a noncanonical activity of autophagy proteins has been discovered that targets lipidation of microtubule-
associated protein 1 light chain 3 (LC3) onto macroendocytic vacuoles, including macropinosomes, phagosomes, and
entotic vacuoles. While this pathway is distinct from canonical autophagy, the mechanism of how these nonautophagic
membranes are targeted for LC3 lipidation remains unclear. Here we present evidence that this pathway requires
activity of the vacuolar-type H'-ATPase (V-ATPase) and is induced by osmotic imbalances within endolysosomal
compartments. LC3 lipidation by this mechanism is induced by treatment of cells with the lysosomotropic agent
chloroquine, and through exposure to the Heliobacter pylori pore-forming toxin VacA. These data add novel mechanistic
insights into the regulation of noncanonical LC3 lipidation and its associated processes, including LC3-associated
phagocytosis (LAP), and demonstrate that the widely and therapeutically used drug chloroquine, which is
conventionally used to inhibit autophagy flux, is an inducer of LC3 lipidation.

Introduction

Autophagy (used here to refer to macroautophagy) is a con-
served lysosomal degradation pathway activated by multiple cellu-
lar stresses, including nutrient deprivation."* During autophagy,
intracellular macromolecules and organelles are sequestered
within double-membrane autophagosomes, which fuse with lyso-
somes that degrade internalized cargo."” As autophagy removes
damaged organelles and protein aggregates, and recycles essential
nutrients, it contributes to maintaining cellular homeostasis and is
an important cellular starvation response.'

Recently a noncanonical activity of autophagy proteins has
been discovered that is associated with macroendocytic engulf-
Through this pathway, MAP1LC3/LC3

(microtubule-associated protein 1 light chain 3) is lipidated onto a

3.4
ment processes.

variety of single-membrane vacuoles, including phagosomes, mac-
ropinosomes, and entotic vacuoles and is important for innate
immunity and vision.>>® Single-membrane LC3 lipidation
requires components of the autophagy lipidation machinery (e.g.,
ATGS5, ATG7), but is independent of the ULK1/2-ATG13-
RB1CCI1/FIP200 preinitiation complex and thus distinct from

classical autophagy. However, the underlying mechanism regulat-
ing activation of this noncanonical pathway remains unclear. For
LC3 lipidation onto phagosomes, called LC3-associated phagocy-
tosis, or LAP, toll-like receptor (TLR) signaling4 as well as
NADPH oxidase activity and reactive oxygen species’ are
required. Whether these signals also mediate LC3 lipidation onto
macropinosomes and entotic vacuoles, and the mechanism of how
they activate LC3 lipidation, is unknown.’

During canonical autophagy, the vacuolar-type H"-ATPase
(V-ATPase) plays an important role in maintaining autophagy
flux by acidifying endolysosomal compartments and thereby
enabling the activity of lysosomal hydrolases. V-ATPase inhibi-
tors (bafilomycin A; (Baf) and concanamycin A (ConA)) raise
pH and disrupt autophagy flux, leading to accumulation of auto-
phagosomes in cells, measured as an increase in cleaved and lipi-
dated LC3 (called LC3-II). Similarly, the weak base
lysosomotropic amine chloroquine,*"'" and the Na*/H" iono-

phore monensin' >3

also raise lysosomal pH and disrupt autoph-
agy flux. These compounds are used interchangeably to inhibit
autophagy in cultured cells,"*"> but only chloroquine and its

derivative hydroxychloroquine (HCQ) have been exploited for
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Figure 1. Chloroquine and monensin induce V-ATPase-dependent LC3 lipidation. (A to D) Represen- to autophaey fAlux and that requires V-
tative western blots for LC3 and GAPDH on (A) MCF10A cells, (B) Wild-type MEFs (C), atg]3’/’ MEFs p gy q
or (D) and atg5~/~ MEFs treated with lysosome inhibitors bafilomycin A; (Baf, 100 nM), chloroquine ATPase activity.
(CQ, 100 M), monensin (Mon, 100 uM) for 1 h or with 15 min Baf pretreatment followed by CQ or
Mon for 1 h. Ratios of lipidated LC3-Il/unlipidated LC3-I were quantified and graphed. See Figure S2 Chloroquine and monensin activate
for repeat protein gel blots and quantification. See also Figures S1 and S2. endolysosomal LC3 lipidation in a V-

therapeutic use, as antimalarial drugs,lﬁ and potentially as anti-
cancer compounds.'”

In this report we make the unexpected discovery that chloro-
quine and monensin induce LC3 lipidation onto endolysosomal
compartments by activating a noncanonical pathway resembling
LAP. We demonstrate that this process is driven by osmotic
imbalances within endolysosomal compartments, which act in
concert with V-ATPase activity to recruit the autophagy protein
ATGS5 and to lipidate LC3 onto vacuolar membranes. More
broadly, we show that water influx is sufficient to induce single-
membrane LC3 lipidation, and demonstrate that V-ATPase
activity is indispensable for physiogical LC3 lipidation during
LAP and entosis. Finally we find that pathophysiological LC3
lipidation is activated during exposure of cells to Heliobacter
pylori VacA toxin through the same mechanism. Our data pro-
vide new mechanistic insight into single membrane, LAP-like
LC3 lipidation, and identify a new disease relevant context for
this process. Furthermore our findings demonstrate that lysoso-
motropic compounds used to inhibit canonical autophagy flux
(chloroquine and monensin) are activators of parallel, endolyso-
somal LC3 lipidation.

www.tandfonline.com

Autophagy

ATPase-dependent manner

Recently noncanonical activities of
autophagy pathway proteins have been reported, including the
lipidation of LC3 onto nonautophagosomal membranes, includ-
ing macroendocytic vacuoles, that occurs independently of the
ULK1/2-ATG13-RB1CCI1 preinitiation complex.3 Interestingly,
whereas the knockout of Azgl3 abolished LC3-II accumulation
induced by starvation and Baf (Fig. S1C), treatment with chloro-
quine and monensin still induced LC3-II accumulation in the
absence of ATG13 (Fig. 1C). As in wild-type cells, the accumula-
tion of LC3-II induced by chloroquine and monensin in azg/3~’
= cells was Baf-inhibitable, demonstrating that the V-ATPase-
dependent effects of chloroquine and monensin on LC3-II are
genetically separable from canonical autophagy (Fig. 1C). As
expected, the knockout of Azg5, an essential component of the
LC3 lipidation machinery, completely abolished LC3-II in con-
trol and inhibitor-treated cells (Fig. 1D).

ATG13-independent LC3 lipidation has been reported to
occur on single-membrane endolysosomal membranes during
engulfment events such as LAP, macropinocytosis, and entosis.
To explore whether LAP-like endolysosomal LC3 lipidation may
underlie the effects of chloroquine and monensin, fluorescence
imaging of GFP-LC3 was performed on drug-treated cells.
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Figure 2. Chloroquine and monensin induce LC3 lipidation onto multiple lysosomal compartments dependent on V-ATPase activity. (A and B) Confocal
images of GFP-LC3 and LAMP1 immunostaining of (A) lysosomes in MCF10A and (B) uncoated latex bead phagosomes in J774 macrophage following
treatment with Baf (100 nM), CQ (100 mM) or Baf + CQ for 1 h. Arrow indicates GFP-LC3 lipidation onto a phagosome. Bar = 6 pm. (C and D) Images of
GFP-LC3 and LAMP1 on entotic corpse vacuoles in MCF10A cells treated with Baf, CQ, Mon (100 M) or Baf + CQ for 1 h. Arrows indicate GFP-LC3 lipida-
tion onto vacuoles. Bar = 10 mm. (E) GFP-LC3 and ATP6VOD1 (VOD1) staining on entotic corpse vacuoles with our without CQ treatment. Bar = 10 pum.
(F) GFP-LC3%"2°" and LAMP1 staining on entotic corpse vacuoles following CQ treatment. Bar = 10 pm. (G) GFP-LC3 and ATG5 immunostaining on
entotic corpse vacuole (arrows) following CQ treatment. Bar = 10 wM. (H) (i) Electron microscopy of corpse containing cell-in-cell structure treated with
CQ (100 M), (i) entotic corpse vacuole has a single membrane (arrows). See also Figure S3; Movie S1.

Following chloroquine or monensin treatment, we noted that
GFP-LC3 colocalized with LAMP1 on lysosomal structures in
ring-like patterns, suggesting that LC3 is lipidated onto lyso-
somal membranes in a LAP-like manner (Fig. 2A). This localiza-
tion pattern of LC3 is different than that induced by Baf
treatment, suggesting it does not arise from inhibition of autoph-
agy flux (Fig. 2A). Like LC3-II accumulation assessed by western
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blotting, the colocalization of LC3 and LAMP1 was inhibited by
treatment with Baf, demonstrating dependence on V-ATPase
activity (Fig. 2A).

To further examine if chloroquine can induce LAP-like LC3
lipidation, we imaged phagosomes in macrophages to determine
if LC3 would be lipidated onto these lysosomal compartments.
Strikingly, treatment of macrophages harboring latex bead
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phagosomes with chloroquine, induced rapid localization of
GFP-LC3 with LAMP1 in a ring-like pattern around latex beads,
consistent with LAP. Recruitment of LC3 onto phagosomes was
blocked by Baf treatment, demonstrating dependence on V-
ATPase activity (Fig. 2B and Fig. S3A). Next we examined a dif-
ferent LAP-like activity that occurs during the live epithelial cell
engulfment program entosis. Like phagosomes in macrophages,
treatment with chloroquine or monensin induced rapid accumu-
lation of GFP-LC3 at LAMPI1-positive entotic vacuoles in
MCF10A cells (Fig. 2C; Movie S1). The colocalization of GFP-
LC3 and LAMP1 on vacuoles was inhibited by treatment with
Baf and also Con A (Fig. 2D and Fig. S3B to D), consistent with
the vacuolar localization of V-ATPase as assessed by subunit
ATP6VOD1 staining (Fig. 2E). GFP-LC3 and LAMP1 colocali-
zation required LC3 lipidation, as a nonconjugable mutant GFP-
LC3%"°* did not translocate upon chloroquine treatment
(Fig. 2F). Lipidation of LC3 was associated with the recruitment
of ATGS to the entotic vacuole (Fig. 2G). Moreover, inspection
of the membrane structure of entotic vacuoles after chloroquine
treatment (which resulted in GFP-LC3 recruitment to 100%
entotic corpse vacuoles, data not shown) by transmission electron
microscopy revealed a single-membrane structure, consistent
with the lipidation of LC3 onto single-membrane vacuoles
(Fig. 2H). By time-lapse microscopy we found no evidence of
GFP-LC3 puncta fusing with the entotic vacuole during chloro-
quine treatment, and the accumulation of GFP-LC3 at the vacu-
ole membrane was mirrored by a loss of cytosolic signal, as has
been shown for GFP-LC3 lipidation during entosis (Fig. S3E).!8
These data are consistent with a model whereby chloroquine and
monensin induce LAP-like LC3 lipidation onto phagosomes and
entotic vacuoles, and lysosome compartments in cells, in a V-
ATPase-dependent manner.

Chloroquine-mediated activation of endolysosomal LC3
lipidation occurs independent of PtdIns3P and autophagic
receptor proteins

During canonical autophagy, PtdIns3P generated by the class
III PedIns3K PIK3C3/VPS34 is required for LC3 lipidation and
autophagosome formation. To examine if PtdIns3P is involved
in chloroquine-induced endolysosomal LC3 lipidation, we moni-
tored PtdIns3P dynamics using cells expressing the 2xFYVE-
mCherry reporter. Following chloroquine treatment, GFP-LC3
was lipidated onto entotic corpse vacuoles, but there was no evi-
dence of recruitment of 2xFYVE-mCherry, suggesting that
PtdIns3P is not generated at vacuole membranes in response to
chloroquine (Fig. 3A). Consistent with this, pretreatment with
the PtdIns3K inhibitors LY290004 and wortmannin, at concen-
trations known to inhibit PIK3C3 and amino acid starvation-
induced autophagy (Fig. S4A and S4B), completely inhibited the
appearance of PtdIns3P puncta in cells, but did not inhibit GFP-
LC3 lipidation following chloroquine treatment (Fig. 3B and C,
Fig. S4C). Together these data demonstrate the independence of
chloroquine-induced LC3 lipidation from PtdIns3P generation.

The autophagy receptor proteins SQSTM1/p62 and CAL-
COCO2/NDP52 are involved in targeting substrates to LC3-

iy 19,20 :
positive autophagosomes ' and are also recruited to damaged
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membranes, which recruit LC3-positive vesicles.”! To examine if
these receptors might localize to vacuole membranes and mediate
LC3 recruitment, we imaged their localization following chloro-
quine treatment. While SQSTM1 and CALCOCO2/NDP52
colocalized with autophagosomes in cells (Fig. 3D and E), these
receptor proteins did not colocalize with GFP-LC3 on entotic
vacuoles following chloroquine treatment (Fig. 3D and E).
Together these findings demonstrate the independence of chloro-
quine-induced endolysosmal LC3 lipidation from PtdIns3P and
autophagy receptor proteins.

Chloroquine-mediated activation of endolysosomal LC3
lipidation is osmotically regulated

In seeking to understand how chloroquine and monensin acti-
vate LAP-like LC3 lipidation, we considered the mechanism of
action of these 2 compounds compared to Baf. Lysosomotropic
agents such as chloroquine become protonated and entrapped
within acidic compartments,'® which alters the osmotic proper-
ties of lysosomes, promoting compartment swelling via water
influx.”” Similarly, by promoting the exchange of protons for
osmotically active monovalent cations such as Na™, monensin
alters the ionic balance and osmotic properties of intracellular
compartments leading to water influx.”? As raising lysosomal pH
is insufficient to activate endolysosomal LC3 lipidation (Fig. 1A
and B and Fig. 2A to C), we explored a possible role for osmotic
imbalances and water flux.

To inhibit water influx in our system we utilized 2 distinct aqua-
porin water channel inhibitors, mercury chloride** and phloretin.*’
Treatment of cells with chloroquine induced lysosome swelling,
measured by a significantly increased average size of LAMP1-GFP
vesicles, which was inhibited in the presence of phloretin (Fig. 4A
and B; Movie S2). The inhibition of lysosomal swelling by phlore-
tin was not due to a failure to trap chloroquine inside of lysosomes,
as chloroquine-mediated pH changes were not affected (Fig. 4C).
Importantly, chloroquine-induced endolysosomal LC3 lipidation,
measured both by LC3 translocation to LAMP1-positive entotic
vacuoles (Fig. 4D and E) and by LC3 protein gel blotting
(Fig. 4F), was inhibited by treatment of cells with either of the
aquaporin channel inhibitors phloretin or mercury chloride. These
data are consistent with a model where chloroquine-induced LC3
lipidation involves endolysosmal osmotic imbalance.

Osmotic imbalances are sufficient to activate LC3 lipidation
onto endolysosomal compartments

To explore the role of osmotic imbalances in endolysosomal
LC3 lipidation more directly, intracellular compartment swelling
was induced in the absence of chloroquine by placing cells under
hypo-osmotic conditions. When MCF10A cells were placed in
hypotonic medium, LAMP1-positive entotic vacuoles swelled and
then rapidly recruited GFP-LC3 (Fig. 5A; Movie S3). Lysosome
size also increased under hypo-osmotic conditions, and there was an
associated translocation of GFP-LC3 to LAMP1-positive lysosomes
(Fig. 5B and E; Movie $4) along with an overall increase in lipi-
dated LC3 (Fig. 5C). Like MCF10A cells, wild-type and atgl3_/_
MEFs displayed GFP-LC3-positive swollen intracellular vacuoles
under hypo-osmotic conditions (Fig. 5D). These data demonstrate
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that the introduction of osmotic imbal-
ance within lysosomal compartments,
like chloroquine treatment, activates

LAP-like LC3 lipidation.

Osmotic activation of
endolysosomal LC3 lipidation
requires V-ATPase activity

We have shown that endolysosomal
LC3 lipidation induced by chloro-
quine requires V-ATPase activity, as it
is inhibited by Baf (Figs. 1 and 2). This
effect may be due to a failure to trap
chloroquine in lysosomes in the
absence of the V-ATPase-dependent
proton gradient. The finding that
hypo-osmotic conditions also activate
noncanonical LC3 lipidation, similar
to chloroquine, allowed for a more
direct assessment of the role of the V-
ATPase in endolysosmal LC3 lipida-
tion. Interestingly, while hypo-osmotic
conditions induced the swelling of
multiple intracellular compartments,
we noted that LC3 was lipidated only
onto vacuoles that were acidic and
LAMP1-positive. For example, entotic
vacuoles housing live cells, which are
not  lysosomal  compartments,'®
swelled dramatically under hypo-
osmotic conditions, but did not recruit
LC3 while entotic vacuoles housing
dead cells, which are lysosomal
vacuoles, did recruit LC3 (Fig. S5). V-
ATPase inhibition by Baf treatment
prior to exposure of cells to hypotonic
medium did not inhibit water influx
and lysosome swelling (Fig. 5E) but
completely inhibited LC3 transloca-
tion to LAMPI-positive entotic
vacuoles (Fig. 5F) and reduced overall
LC3 lipidation (Fig. 5G). These data
demonstrate that osmotic imbalances
act in concert with V-ATPase activity
to induce LAP-like LC3 lipidation.

V-ATPase activity is required
for LC3 lipidation during LAP
and entosis

We next sought to determine
whether V-ATPase activity is required
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Figure 3. Chloroquine-mediated LC3 recruitment is independent of PtdIns3P and autophagy receptor
proteins. (A) Time-lapse microscopy of GFP-LC3 and 2xFYVE-mCherry on entotic corpse vacuoles follow-
ing treatment with CQ (100 wM). Arrows indicate GFP-LC3 lipidation onto vacuole. Bar = 2 pm. (B) Con-
focal images of entotic corpse vacuoles treated with CQ (100 wM) with or without LY290004 (25 nM).
Arrows indicate GFP-LC3 lipidation onto entotic vacuole, arrowheads indicate 2xFYVE-mCherry-positive
vesicles. Bar = 2 um. (C) Quantification of GFP-LC3 recruitment to LAMP1-positive entotic vacuoles with
or without LY290004 (LY 25 M) or wortmannin (WM, 200 nM); data are mean £ SEM from 3 indepen-
dent experiments; NS, not significant. (D and E) Entotic corpse vacuoles treated with CQ (100 wM) for
1 h and immunostained for (D) SQSTM1 or (E) CALCOCO2. Arrows indicate autophagosomes with colo-
calized LC3 and SQSTM1 or CALCOCO2. Bar = 4 pum. See also Figure S4.

noncanonical LC3 lipidation such as LAP and entosis. During multiple effects on entosis. As previously reported, V-ATPase
entosis, the internalized cell can die by either a nonapoptotic or  inhibition reduces the frequency of internalized cell death, while

an apoptotic program. In the latter case, LC3 is lipidated onto  also switching the predominant mode of death from nonapop-

entotic vacuoles after cell death occurs.'® Baf treatment has totic to apoptotic (Fig. 6A).%® Furthermore, we show here that
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focal images of GFP-LC3 and LAMP1 immunostaining on entotic corpse vacuoles in MCF10A cells fol-
lowing treatment with CQ with or without phloretin (180 mM) or HgCl, (15 mM). Arrow indicates
GFP-LC3 lipidation onto a vacuole. Bar = 5 pum. (E) Quantification of GFP-LC3 lipidation onto LAMP1-
positive entotic corpse vacuoles as in (D), data mean &+ SEM from 3 independent experiments; P <
0.001 ****_(F) Western blot analysis of LC3 in MCF10A cells treated with phloretin, CQ or both for 1 h.

Quantification of LC3-1I/LC3-I graphed below. See also Movie S2.

LC3 lipidation, which usually follows an apoptotic death, is
completely blocked by Baf treatment (Fig. 6B and C), demon-
strating a requirement for V-ATPase activity in this process.

To examine the role of the V-ATPase during LAP, macro-
phages phagocytosing zymosan or IgG-coated beads were
treated with Baf. Baf treatment blocked phagosomal LC3 lip-
idation (Fig. 6D and E), without inhibiting PtdIns3P forma-
tion that occurs upstream (Fig. 6F and G). These data
demonstrate a previously undescribed role for V-ATPase
activity in phagosome maturation, downstream of PtdIns3P
generation and upstream of the lipidation of LC3. Together,
these data uncover an essential role for V-ATPase activity in
LC3

single-membrane lipidation during macroendocytic

engulfment events.

www.tandfonline.com

501
0

Control Phloretin CQ Phloretin

chloride (NH4CI), become protonated
and accumulate within these proton-rich
endolysosomal compartments, altering
their osmotic properties, which in turn
" The result

is the appearance of large acidic single-

+CQ . 3
promote the influx of water.

membrane vacuoles that are enriched in
late endosome and lysosome markers
LAMP1 and RAB7.°>%

Considering that VacA alters osmotic
properties and V-ATPase activity within
endolysosomal compartments, we exam-
ined whether endolysosomal LC3 lipida-
tion was also activated. Treatment of
wild-type MEFs with VacA alone and in
combination with NH4CI, which pro-
efficient  vacuolation,
induced robust LC3 lipidation (Fig. 7A). Strikingly, these treat-
ments also promoted LC3 lipidation in atg13_/_ MEPFs, in a Baf-
inhibitable, and ATG5-dependent manner, consistent with non-
canonical, V-ATPase-dependent LC3 lipidation (Fig. 7A and B).
Accordingly, GFP-LC3 recruited to VacA-induced vacuole mem-
branes in both wild-type and azg13~"~ MEFs (Fig. 7C, data not
shown). Together, these data demonstrate that VacA activates

motes more

LAP-like lipidation of LC3 onto endolysosomal compartments.

Discussion

Here we provide evidence for a novel mechanism controlling

LC3 lipidation, involving V-ATPase activity and osmotic
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Figure 5. Osmotic imbalances are sufficient to induce LC3 lipidation onto lysosomal compartments in a V-ATPase-dependent manner. (A and B) Confo-
cal images of GFP-LC3 and LAMP1-RFP from time-lapse microscopy of (A) entotic corpse vacuoles or (B) lysosomes in MCF10A cells treated with hypo-
tonic media. Arrow indicates GFP-LC3 lipidation onto entotic corpse vacuole. Bar = 2 um. (C) Western blot analysis of LC3 in MCF10A cells cultured in
control and hypotonic media for 1 h. Quantification of LC3-Il/LC3-1 graphed below. (D) Confocal images GFP-LC3 in wild-type, atg13~/~ and atg5~/~
MEFs cultured in control or hypotonic media for 30 min. Arrows indicate GFP-LC3 on vacuoles. Bar = 4 um. (E) Quantification of LAMP1-GFP vesicle size
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*. (G) Western blot of LC3 in MCF10A cells in control or hypotonic media with or without Baf (100 nM). Quantification of LC3-lI/LC3-I graphed below. See

also Figure S5; Movie S3 and Movie S4.

imbalances within endolysosomal compartments. We show that
water influx into endolysosomal vacuoles induced by hypotonic
medium, chloroquine treatment, and H. pylori VacA toxin acti-
vate this pathway, and provide evidence for the V-ATPase-depen-
dency of LC3 lipidation during LAP and entosis.
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The mechanism of LC3 lipidation identified here appears to
occur independently of canonical autophagy based on a number
of observations: (7) LC3 lipidation occurs under nutrient-replete
conditions, where MTORCI signaling is known to be active and
autophagy is suppressed; (2) LC3 lipidation occurs in azgl3~"~
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Figure 6. LC3 recruitment during LAP and entosis is dependent on V-ATPase activity. (A) Quantification
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cells that are deficient for MTORCI1-regulated autophagy; (3)
PtdIns3K inhibitors that block autophagy have no effect on LC3
lipidation; (4) LC3 is lipidated onto single-membrane compart-
ments as determined by TEM; (5) ATGS is recruited to the lyso-
somal compartments where LC3 is lipidated; and (6) LC3
lipidation is V-ATPase-dependent unlike autophagosome forma-
tion that is induced by V-ATPase inhibition.* Altogether these
data support a model where osmotic imbalances and the V-
ATPase promote LC3 lipidation onto vacuole membranes in an
autophagy-independent manner.

Our data uncover an important new activity for chloroquine
and monensin as activators of noncanonical LC3 lipidation.
These drugs are conventionally used as inhibitors of autophagic
flux, but here we demonstrate a parallel induction of single-
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membrane endolysosomal LC3 lipida-

Apoptotic tion. These findings support an emerg-
100 ing concept’ that the relative
75 i abundance of LC3-II in cells is not

 — solely reflective of classical autophagy.
50 1

Furthermore, our findings indicate that
commonly used drugs have distinct,
parallel activities on canonical and non-
canonical autophagy processes. Chloro-

ConA

Control

quine and monensin inhibit classical
autophagic flux while simultaneously
inducing single-membrane lipidation,
while  V-ATPase inhibitors (Baf,
ConA) inhibit both autophagic flux
and single-membrane LC3 lipidation.
The unexpected observations made
with chloroquine led us to investigate a
broader role for osmotic imbalance in
controlling  single-membrane  LC3
recruitment. During LAP, signaling
from a number of receptors including
TLRs,*” TIMD4/Tim4,> Fcy recep-
tors,”>® SLAM *” and CLEC7A/Dec-
tin1,?® as well as activation of NADPH

738 are implicated in promot-

oxidase,
ing LC3 lipidation to the phagosome,
although the mechanism of how they
achieve this remains unclear. It is con-
ceivable that these signals could feed
into the pathway described here. Water
influx occurs into phagosomes and is
associated with bacterial killing poten-
tial.*> NADPH oxidase and reactive
oxygen species generation have the
potential to alter phagosomal ionic bal-
L4041 hich can influence osmotic
properties, and the release of solutes
from degrading cargo is proposed to
alter the osmotic properties of phago-
somes.”” Multiple signals may converge
to generate osmotic changes within
phagosomes, which could activate LC3
lipidation in a V-ATPase-dependent manner. As LC3 lipidation
precedes phagosome-lysosome fusion,"®® this model predicts a
role for V-ATPase trafficking to phagosomes upstream of the
appearance of other lysosomal markers, as has been observed in
macrophages.*> Of note, this mechanism appears to be distinct
from LC3 recruitment to damaged endosomes or lysosomes, or
pathogen-containing vacuoles, that involves targeting by the
receptor proteins SQSTM1 or CALCOCO2/NDP52 21.43.44
and is associated with the appearance of double-membrane
structures. *?

We provide evidence that a bacterial virulence factor activates
LC3 lipidation onto osmotically swollen lysosomal compart-
ments in a V-ATPase-dependent manner. While previous work
has provided evidence for VacA-dependent induction of
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Figure 7. VacA activates noncanonical LC3 lipidation. (A) Western blot analysis of LC3 in wild-type, atg73~~ and atg5~/~ MEFs treated with NH,CI
(5 mM), VacA (10 uM) or both for 2 h. Quantification of LC3-II/LC3-l graphed below. (B) Western blot analysis of LC3 in atg13~/~ MEFs treated with Baf
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autophagy,® our data suggest that most of the LC3 lipidation
that occurs acutely upon treatment with VacA and NH4Cl occurs
in an ATG13-independent manner, and is inhibited by Baf. As
VacA-induced vacuoles serve as the intracellular niche for H.
pylori, it will be of interest to determine what role LC3 lipidation
plays in this context. The function of LC3 lipidated onto nonau-
tophagosomal membranes remains poorly understood. It has
been proposed that the presence of LC3 on vacuoles promotes
lysosome fusion and the degradation of luminal con-
tents,®'®333¢ or that LC3 regulates the inflammatory cytokine
response or antigen presentation capacity of ph:algocytc:s.35’36’38
However, LC3 lipidation may also delay phagosome maturation
in some contexts to allow for more efficient antigen processing.46
A clearer picture of the role of endolysosomal LC3 lipidation
awaits identification of the molecular mechanism(s) whereby
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LC3 affects vacuole maturation. LC3-family proteins could regu-
late maturation by modulating the activity or localization of any
of a number of binding partners,””*® or by facilitating mem-
brane-membrane fusion.>* Our finding here that treatment
with lysosomotropic agents induces endolysosomal LC3 lipida-
tion may provide a convenient system to uncover the changes
that occur to endolysosomal compartments as a result of LC3
lipidation.

Materials and Methods
Antibodies and reagents

The following antibodies were used: Anti-LC3A/B (Cell Sig-
naling Technology, 4108), anti-human LAMP1 and anti-mouse
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LAMP1 (Becton Dickinson, 555798 and 553792), anti-GAPDH
(SCBT, sc-25778), anti- SQSTM1/p62 (Becton Dickinson,
160832), anti-CALCOCO2/NDP52, anti-ATP6V0D1 (Abcam,
ab68588 and ab56441). The following inhibitors and reagents
were used at the indicated concentrations: Wortmannin (EMD,
12-338) 200 nM; LY290024 (EMD, 440202) 25 mM, monen-
sin (Sigma, M5273) 100 mM, chloroquine (Sigma, C6628)
100 mM, bafilomycin A; (EMD, 196000) 100 nM, concanamy-
cin A (EMD, 344085) 100 nM.

Cell culture

MCF10A cells were cultured in DME/F12 (Invitrogen,
11320-033) + 5% horse serum (Invitrogen, 16050-122), 20 ng/
ml EGF (Peprotech, AF-100-15), 10 pg/ml insulin (Sigma,
11882), 0.5 wg/ml hydrocortisone (Sigma, H0888), 100 ng/ml
cholera toxin (Sigma, C8052), 50 U/ml penicillin, and pen/
strep. Hypotonic medium was made by diluting MCF10A cul-
ture medium with ddH,O (20:80). Mouse embryonic fibroblast
MEF cell lines, J774 and RAW264.7 mouse macrophages
(ATCC) were cultured in DMEM + 10% fetal bovine serum
(Atlanta Biologicals, S11595) with pen/strep.

Constructs and Amaxa nucleofection

The following constructs were used: pBabe-GFP-LC3,'®
pBabe-2xFYVE-mCherry,'® ~ N1-LAMP1-RFP,'®  pRetro-
LAMPI1-GFP."® Transient transfection was performed by
electroporation using a Nucleofector II instrument (Lonza,
Wakersville, MD, USA) and Lonza nucleofection kit V (Lonza,
VCA-1003) following manufacturer’s guidelines.

VacA treatment

Purified VacA toxin (kindly provided by Dr Tim Cover, Van-
derbilt University, Nashville, TN) was acid activated by incuba-
tion with 200 mM HCI for 30 min before being diluted into
tissue culture media at the desired final concentration.

Microscope image acquisition

For time-lapse microscopy, cells were grown on 35-mm glass-
bottomed coverslip dishes (MatTek, P35G-1.5-14-C). For con-
focal time-lapse microscopy, imaging was performed with the
Ultraview Vox spinning disc confocal system (Perkin Elmer,
MA, USA) equipped with a Yokogawa CSU-X1 spinning disc
head, and EMCCD camera (Hamamatsu, C9100-13, Hama-
matsu Photonics K.K., Hamamatsu, Japan), and coupled with a
Nikon Ti-E microscope using a 60 oil immersion 1.40 numeri-
cal aperture (NA) objective (Nikon, Melville, NY, USA). For
widefield time-lapse microscopy, images were acquired using a
coolSNAP HQ2 CCD camera (Photometrics, AZ, USA), cou-
pled to a Nikon Ti-E microscope using a 20x 0.45NA objective.
All imaging with live cells was performed within incubation
chambers at 37°C and 5% CO,. Image acquisition and analysis
was performed with Volocity software (Perkin Elmer, MA, USA)
and Elements software (Nikon). All image processing (brightness
and contrast) was performed on all pixels in each image.

For immunofluorescence, cells were fixed in ice-cold methanol
at  —20°C for 5 min. were blocked in

Samples
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phosphate-buffered saline (Invitrogen, 10010023) + 5% BSA
for 1 h at room temperature before incubation with primary
antibodies in blocking media overnight at 4°C. Following phos-
phate-buffered saline washes, samples were incubated with Alexa
Fluor tagged secondary antibodies (Invitrogen, A11036 and
A11031) for 40 min at room temperature. DNA was stained
using DAPI (Sigma, D8417) before mounting coverslips with
ProLong antifade mounting media (Invitrogen, P36930). Confo-
cal imaging was performed as above for time-lapse microscopy.
All image processing (brightness and contrast) was performed on
all pixels in each image. Images used in figures are representative
of at least 3 separate repeats.

Electron microscopy

MCF10A cell-in-cell structures were treated with 100 mM
chloroquine for 1 h and pelleted. GFP-LC3 recruitment was
confirmed on all LAMP1-positive vacuoles by fluorescent micro-
copy. Samples were then fixed in 2.5% glutaraldehyde/2% para-
formaldehyde in 0.075 M cacodylate buffer pH 7.5 for 1 h
followed by rinsing in cacoldylate buffer and post fixation in 2%
osmium tetroxide for 1 h. The samples were then rinsed in dou-
ble-distilled water followed by dehydration in a graded series of
alcohol 50%, 75% 95% through absolute alcohol and overnight
in 1:1 propylene oxide/poly Bed 812 (Polysciences, 08791-500).
Ultra thin sections were obtained with a Reichert Ultracut S
microtome (Leica, Vienna, Austria). Sections were stained with
uranyl acetate and lead citrate. Images were obtained using a
JEOL 1200 EX transmission electron microscope (Peabody,
MA, USA).

Phagocytosis and entosis assays

J774 or RAW264.7 cells expressing GFP-LC3 and 2xFYVE-
mCherry were seeded onto glass-bottomed coverslip dishes for 2
d before zymosan (Sigma, Z4250) or uncoated 3-mm latex beads
(Polysciences, Inc., PA, 17134-15) were added at a ratio of 10:1.
IgG-coated latex beads were prepared by incubation overnight
with 6 mg/ml human IgG (Sigma, 14506) in borate buffer and
added to RAW2064.7 cells pretreated with 200 U/ml IFNG
(Peprotech, 315-05) for 2 d. Cells were monitored by confocal
microscopy and images taken every 5 min.

To quantify entotic cell fate, MCF10A cells expressing GFP-
LC3 were seeded overnight on 35-mm glass-bottomed dishes
(MatTek, P35G-1.5-14-C) and cell-in-cell structures were
imaged by time-lapse microscopy the next day in the presence or
absence of 100 nM concanamycin. Fluorescent and differential
interference contrast images were acquired every 4 min for 20 h
using a Nikon Ti-E inverted microscope attached to a Cool-
SNAP CCD camera (Photometrics, AZ, USA). Images were cap-
tured by NIS Elements software (Nikon). Only live internalized
cells at the start of time-lapse were quantified for cell fate. Inter-
nalized cells were scored for apoptotic or nonapoptotic death and
for the recruitment of GFP-LC3 to the entotic vacuole.

Measurement of lysosome size
MCF10A expressing LAMP1-GFP were imaged by confocal
microscopy. The mean area of 100 individual LAMP1-GFP
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vesicles from 5 cells were measured using Image J software before
and after treatment as indicated.

Western blotting

Cells were scraped into ice-cold RIPA (150 mM NaCl,
50 mM Tris-HCl, 1% TritonX100, 0.1% SDS, 0.1% sodium
deoxycholate) buffer and lysed for 10 min on ice. Lysates were
centrifuged for 12 min at 4°C, supernatants were then separated
on 15% polyacrylamide SDS-PAGE gels and transferred to a pol-
yvinyldifluoride membrane. The membrane was blocked in TBS-
T (50 mM Tris-Cl, pH 7.6, 150 mM NaCl, 1% Tween20) +
5% BSA (Sigma, A7906) and incubated overnight at 4°C with
primary antibodies diluted blocking buffer. Blots were incubated
with horseradish peroxidase conjugated to secondary antibodies
(Cell Signaling Technology, 7074S and 7076S) and protein
detected using enhanced (Invitrogen,
WP20005). Densitometry analysis was carried out using Image]

chemiluminescence

software (NIH). Blots used in figures are representative of at least
3 separate repeats.

Statistics
The indicated P values were obtained using the Student # test,
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